Copper coating was manufactured by super-sonic flow deposition method and especially two kinds of feedstock powders with different powder particle size distribution (A: 9$53 mm, B: 4$23 mm) and grain characteristic in the powder (A: fine and inhomogeneous, B: coarse) were used for the deposition. It was found that the use of small particle distributed feedstock powder B could decrease the surface roughness and porosity of the coating layer. After annealing, the micro-hardness of the super-sonic flow deposited copper coating decreased significantly with increasing annealing temperature. The abrupt decrease in hardness exactly corresponded to the starting annealing temperature of primary recrystallization. It was also suggested that the hardness of Cu coating layer mainly attributed to grain size, shape and the bonding of particles but not a change in the porosity of the coating layer. The electrical conductivity and thermal conductivity of powder B coating were higher than those of powder A. The superiority of electrical and thermal conductivities of B coating layer could be related not only to the large size and homogeneity of grains, and strong bonding of particle-particle interface but also to a decrease of porosity content, caused by small size and homogeneous distribution of powder B.
Introduction
Super-sonic flow deposition is a process of applying coating by exposing substrate to a high velocity (500$ 1200 m/s) jet of small (1$50 mm) particles accelerated by a super-sonic jet of compressed and heated gas. The deposition of particles takes place through the intensive plastic deformation upon impact in solid state at a temperature well below the melting point of spray material. As a consequence, the deleterious effect of high temperature oxidation, evaporation, melting, phase transformation, decomposition, thermal stress, grain growth, and other common problems for conventional thermal spray methods can be minimized or eliminated. Because of the above advantages, this coating process has been applied especially to thermally sensitive materials like Ti, Cu, metastable, and nanocrystalline, and opened up to these materials the possibilities of new properties and applications as a coating material. 1) Copper as a spray material offers some essential benefits, for example superior thermal conductivity and electrical conductivity, compared to other materials. It is well known that thermal and electrical conductivities of thermal sprayed coatings are significantly reduced by non-metallic bonds, trapped oxides, and porosities at internal interface.
2) However, in the case of super-sonic flow deposition, almost no oxidation occurs during spraying. And, in combination with the low porosity content and the strong bonding of particle interface of the deposited coating material, the superior conductivities of Cu materials of bulk material are expected to be achieved. Thus, Cu super-sonic flow deposition is suggested to be ideal for the applications of electrical, automobile, and electronic coating components.
Recently, T. Stoltenhoff et al. have manufactured Cu coating layer by using super-sonic flow deposition and other usual thermal spraying (HVOF and arc spraying) and then compared the different microstructures and properties of coatings layer.
3) As a result, they demonstrated that supersonic flow deposition of copper has significant advantages over other thermal spray processes. For thermally sprayed coatings containing super-sonic flow deposition, heat treatment can be applied to release the residual stress, decrease porosity, or to improve the properties of coatings. 4) Several reports have demonstrated the effect of heat treatment on the microstructure and suggested interesting modeling. 2, 5, 6) W. Y. Li et al. have reported that the effects of heat treatment and anisotropy on the microstructure and properties especially for super-sonic flow deposited Cu coating. 7) Though the size distribution and the grain characteristic of powder particles are also expected to have an effect not only on the porosity 8) and the bonding characteristic of particle interface but also on related properties, its effect on the super-sonic flow deposited Cu coating material has not been investigated.
Therefore, this study investigated the effect of the particle size distribution and the inner grain characteristic of powder particle on the coating properties like hardness, electrical and thermal conductivities of super-sonic flow deposited Cu coating layer with annealing heat-treatment and correlated the changes of properties with microstructure variation.
Materials and Experimental Procedure
Two kinds of pure Cu powders with same chemical composition of 99.9% were used as feedstock. Though they had the same spherical morphology, the distribution ranges of particle size were different (Fig. 1) . Powder A represented commercial powder (Fukuda Co.) with the size ranging from 9 to 53 mm ( Fig. 1(a) ) and Powder B (Tafa Co.) ranged in size from 4 to 23 mm ( Fig. 1(b) ). Average particle sizes of Powder A and B were 28.74 mm and 12.39 mm respectively.
The size distributions of the Cu powder feedstock were showed in Fig. 2 . It was interesting to note in the examination of the etched (Nital 3% 1.5 V electrolytic etching) crosssection of powder particles (Fig. 3) that the grain sizes of Powder B (small average particle size) were oppositely larger than those of Powder A (large average particle size). Another interesting finding was the comparatively irregular and asymmetric grains in powder A.
Copper coatings on the Al 6061 substrate (cleaningtreated) were super-sonic flow deposited by using nitrogen as the process and carrier gas. The equipment system of super-sonic flow deposition consisted of Powder Deposition (DPD-TK60), Powder supplying (1246HB; Praxair Co.), Nitrogen generation (IGS, N-15) and powder pre-heating parts. The detailed process parameters are listed in Table 1 . The thickness of the manufactured coating layer was about 1.5 mm.
Porosity (% area) measurements were carried out using a computer-based image analysis system (3 mQMW55) by analyzing 16 fields at a magnification of 200Â on the sample of polished coating layers. Surface roughness was measured using Surfcorder SE-40G system and R a (arithmetical average roughness) value was used.
Annealing heat treatments were conducted in an electrical furnace at five temperatures-373 K, 473 K, 573 K, 673 K, and 773 K, for 1 h under N 2 atmosphere. Etching for cross sectional examination was carried out using 10 mL NH 4 OH + 10 mL H 2 O + 10 mL H 2 O 2 etching aqueous solution. Microstructure of coating layer was observed by optical microscope, SEM, and FE-SEM. To evaluate the properties of super-sonic flow deposited Cu coating and annealed materials, microhardness, electrical conductivity, and thermal conductivity were investigated. Only the coating layer was divided from the interface especially for the measurements of electrical and thermal conductivities. Using a four-point device (KeThLey 580), the electrical resistivity of the coatings was measured at room temperature for the 5 Â 50 mm specimen. Thermal conductivity was measured for the 8 Â 8 mm specimen using Netzch LFA437 system. Figure 4 shows the OM cross-sectional morphology of assprayed coatings. It is clear that the interface (between coating and matrix) of A coating layer ( Fig. 4(a) ) appears rougher and more irregular than that of B coating (Fig. 4(b) ). The outside surface roughness of the coating layer displays similar findings with those of the above interface roughness. The measured outside surface roughness of A and B coating layers represent 13.4 mm and 5.2 mm, respectively. Thus, B coating layer (using small and homogeneously distributed powder particles) is found to have a smoother surface roughness than that of the A layer.
Results and Discussion
Examination of the as-sprayed coating layer (non-heat treated) revealed that the B coating layer (using small and homogeneously distributed powders) consists of a highly dense microstructure of 0.119% porosity content. Contents of porosity as-sprayed in A coating layers represent 1.054%. The critical particle velocity is generally known to depend not only on the type of spray material, but also on the powder quality, the particle size, and the particle impact temperature. 9) Regarding process economics, the use of coarse powders would be significantly cheaper and may help to avoid the problem of nozzle clogging.
3) However, the use of smaller particles of low-density materials also can increase the impact velocity. 10) As a result, small particles can induce strong plastic deformation of the particle 8, 11) and thus results in a dense microstructure of the coating layer. Figure 5 shows the porosity variation with annealing heat treatment (373 K$773 K/1 h) in two different powder coating layers (A and B). It is apparent that the porosity content decreases with increasing annealing temperature regardless of the type of coating layer. After annealing at 773 K, both of the coating layers exhibit their lowest porosities, 0.66% in A and 0.103% (almost negligible) in B coating layers. Figure 6 shows the variation of Vickers hardness with annealing heat-treatment (1 h) in the temperature range of 373 K$773 K. At first, in the case of as-sprayed materials, A coating layer indicates a higher value of 166 H v than that of the B coating layer's 146 H v . The larger particle size and lower mean impact velocity caused a low particle deformation, which generally is known to result in comparably low hardness.
3) However, the hardness of the as-sprayed coating layer with particle size distribution appears to be directly opposite the expected results as seen in Fig. 6 . The reason for the anomalous trend of hardness with particle size distribution in this study will be discussed later, corresponding to the observation of microstructure. It is also found in Fig. 6 that hardness appears to be decrease as the annealing temperature increases, regardless of the type of coating layer. Higher hardness values of super-sonic flow deposited materials are mainly attributed to both severe plastic deformation and high dislocation density 5) in coating caused by rapid particle velocity. Figure 7 shows optical microstructures of super-sonic flow deposited Cu coating layers in as-sprayed condition. Typical characteristics of microstructure of deposited material, appearing at the apparent particle boundary include elongated particle shape, dense structure and trace of severe plastic deformation, can be clearly observed in these figures. 5, 12, 13) It is found that the microstructure of A coating layer ( Fig. 7(a) ) consists of relatively irregular and fine grains compared with that of the B coating layer (Fig. 7(b) ). It is also typically observed that the grain boundary of the A coating layer has more apparently deformed particle than that of the B coating layer. The above findings in the microstructure of the A coating layer can be understood considering the particle characteristic of A powder (Fig. 3(a) ) having comparatively small and irregular grain shape in the large powder size distribution. Thus, this characteristic of the small and dense grain microstructure of A coating layer compared to that of the B layer (Fig. 7) corresponds well with the anomalous hardness difference between the as sprayed coatings in Fig. 6 (higher in A coating layer using larger particle size distribution) with powder size distribution.
SEM microstructures of super-sonic flow deposited A coating layer with annealing heat-treatment ((a) as-sprayed, (b) 573 K, (c) 773 K)) are suggested in Fig. 8 . Here, 573 K and 773 K annealing temperature condition correspond to the typical temperature of abrupt hardness decrease and that of slow hardness decrease in Fig. 6 , respectively. It is apparent that the annealing heat treatment changes from the deformed microstructure ((a)) to relatively homogeneous ones ((b), (c)). It is noted in Fig. 8(b) that fine recrystallization initially appears around the heavily deformed particle-particle interface region. In the case of high annealing temperature (773 K, (c)), small grains are combined and then the evidence of grain growth can be found. The 773 K annealed A coating presents equiaxed grain structures similar to the annealed Cu bulk with particle interfaces almost disappearing. The coalescence of voids and spherodization of oxides in the coating can also be observed at high annealing temperatures. From the above observation, it is apparent that recovery, recrystallization and grain growth occur in the super-sonic flow deposited Cu coating layer by annealing heat-treatment.
Similarly, SEM microstructures of B coating layer with annealing heat-treatment ((a) as-sprayed, (b) 473 K, and (c) 773 K)) are shown in Fig. 9 . In accord with A coating layer, recovery, recrystallization, grain growth and homogenization of microstructure can also be observed by annealing heattreatment in the B coating layer. In addition, it is important to note in Fig. 8 and Fig. 9 that microstructure evolution is well accord with the variation of hardness (Fig. 6) . The temperature of abrupt hardness decreasing exactly corresponds to the temperature at which primary recrystallization began appearing, regardless of the type of coating layer. Grain growth and microstructure homogenization also result in continuous decreasing of hardness. It is also noted in Fig. 5 that the porosity of the Cu coating layer tends to decrease progressively as annealing temperature increases. This can be well interpreted to mean that the process of recovery, recrstallization, and grain growth during annealing heat treatment densifies the structure and subsequently decreases porosity. Figure 10 shows the electrical resistivity of the super-sonic flow deposited Cu coating with annealing heat-treatment. In this figure, the electrical resistivity of super-sonic flow deposited Cu coating layer continuously decreases with increasing annealing temperature regardless of coating types (A & B). It is also clear that B coating layer represents significantly low electrical resistivity (thus very superior electrical conductivity) compared with that of the A coating layer in all of the as-sprayed and annealed conditions. The electrical resistivity of 1.74 mÁcm value, especially obtained at the 773 K annealed A coating layer, matches the 1.7 mÁcm of pure bulk Cu material according to IACS (International Annealed Copper Standard). This is a very meaningful result. Deposited and annealed B Cu coating layer in this study represents much lower electrical resistivity (1.74 mÁcm, corresponding to very higher electrical conductivity) than those of HVOF and arc sprayed Cu coating materials, showing electrical resistivities of 2.8 mÁcm and 4.26 mÁcm at 873 K/1 h annealed condition respectively.
3)
The electrical resistivity of the super-sonic flow deposited copper coating, especially for the B coating layer in this study, when compared to the resistivity of coatings prepared by other thermal spray methods 5) indicates that the coating microstructure is dense, with strong bonds across the particleparticle interfaces and nearly free of impurities such as voids or oxides, which is not the case for other thermal spray coatings like HVOF and arc spraying. Figure 11 shows the thermal conductivity of super-sonic flow deposited Cu coating layer with annealing heat-treatment. Thermal conductivity, regardless of coating types (A and B), significantly increases as annealing temperature increases. Thermal conductivity of B coating layer represents a higher value than that of the A coating layer in all of the assprayed and annealed conditions. Variations in the thermal conductivity of super-sonic flow deposited Cu coating with annealing treatment seems to be similar with that of electrical conductivity (Fig. 10) . However, the thermal conductivity of 326 W/mÁK, measured in B coating layer at 773 K annealed condition, corresponds to the 81.3% of 401 W/mÁK, reported in fully annealed pure Cu bulk material. Thus, the annealing heat treatment seems to be more beneficial for the improvement of electrical conductivity of super-sonic flow deposited Cu coating material than that of thermal conductivity when referencing of the results of pure Cu bulk material.
Hardness results of the as-sprayed A coating layer (small and irregular grain microstructure but higher porosity content) represents higher hardness value than the B coating layer (Fig. 6 and Fig. 7) . Sudden hardness decrease appears abruptly as annealing temperatures at 573 K in the A coating layer (in the case of the B coating layer, 473 K). The 773 K annealed A coating layer with still higher porosity content showed a lower hardness value than that of the B layer. This is evidence of the high grain growth rate of the A coating layer at high annealing temperature. And it is worth noting that the hardness of super-sonic flow deposited coating layer showed higher hardness in this study in both as-sprayed and all of the annealed conditions than those of pure Cu bulk materials. Thus, it is reasonable to assume that the hardness of super-sonic flow deposited Cu coating layer can be mainly attributed to the grain size, shape and the bonding of particles but not to the porosity of the coating layer.
The super-sonic flow deposited B coating layer represents extremely higher electrical and thermal conductivities than those of the A layer in this study ( Fig. 10 and Fig. 11 ). It has to be also noted that the difference of conductivity between the two coating layers is very large and the difference increases with increasing annealing temperature, while the difference of hardness is comparatively small and the difference decreases as annealing temperature increases. We also clearly found and reported in Fig. 5 that the difference in porosity content between A and B coating layers is still large even in the case of high temperature annealing. Therefore, the superiority of electrical and thermal conductivities of the B coating layer in this study is related not only to the large size and homogeneity of grains and strong bonding of particle-particle interface but also mainly to the decrease of porosity (important role for the promotion of electron and phonon scattering) content, mainly caused by the small size and homogeneous distribution of powder B. In addition, the electrical and thermal conductivities of the super-sonic flow deposited Cu coating could be significantly improved through annealing treatment in this study regardless of coating types. This result is consistent with the result reported by W. Y. Li et al. 7) and Borchers et al. 5) This is mainly attributed to both the recrystallization of severely deformed region and the decrease of porosity, which can act as an obstacle to electron 5) or phonon flow.
Conclusions
This study examined the effect of powder size distribution (powder A: 9$53 mm, powder B: 4$23 mm) and grain characteristic in the powder (powder A: fine and inhomogeneous grains, powder B: coarse and homogeneous grains) on the coating properties, hardness, electrical and thermal conductivities of super-sonic flow deposited Cu coating layer. The super-sonic flow deposited coating layer using small and homogeneous distributed particles appears to have a low surface roughness and low porosity content. Small powder particles can have a higher impact velocity in the spraying process and thus result in dense and less fault microstructure by strong plastic deformation of a particle. In addition, the porosity content of the super-sonic flow deposited coating continuously decreases with annealing heat treatment. Microstructure of the A coating layer was found to consist of relatively irregular and fine grains compared with those in the B coating layer. It could be reasonably related with the extraordinary increase of hardness in the A coating layer. It was also found that an annealing heat treatment led to the evident recovery, recrystallization, and grain growth of the deformed grains.
The variation of hardness of super-sonic flow deposited coating layer through annealing heat treatment could be consistent with that of the microstructure. The abrupt decrease of hardness appears exactly at the starting temperature of recrystallization. Electrical and thermal conductivities of the B coating layer represented higher value than that of the A coating layer in all of the as-sprayed and annealed conditions. Furthermore, conductivities of the B coating layer are more significantly improved by an annealing heat treatment than those of A coating layer. It can be explained by considering the low porosity content of the B coating layer, mainly caused by the characteristic of the small and homogeneously distributed B powder particle. The annealed B coating layer represented similar electrical conductivity and slightly lower thermal conductivity than those of Cu bulk material, implying outstanding results considering those conductivities of other thermal spraying methods.
